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PREFACE

INTERNATIONAL DECADE FOR NATURAL DISASTER REDUCTION

The concept of a Decade for Natural Disaster Reduction has evolved
considerably since it was proposed by Dr. Frank Press, President of the
U.S. National Academy of Sciences, in July 1984 at the Eighth World
Conference on Earthquakes Engineering. Now, the United States and at least
28 other nations and organizations have taken steps to organize and plan
for concerted national and international actions during the 1990's to
reduce loss of life and economic losses from disasters triggered by natural
hazards. Approximately 100 nations are expected to accept this goal and to
join with the United States and others following the 43rd CGeneral Assembly
of the United Nations in the fall of 1989. They are expected to forge
unilateral, bilateral, and multilateral partnerships to make their country
and the world safer from floods, windstorms (typhoons, cyclones,
hurricanes, and tornadoes), landslides, earthquakes, volcanic eruptions,
wildfires, tsunamis, drought, and insect infestation. These programs are
expected to be multihazard, multifunctional, and multiorganizational in
scope.

The United States, which faces annual losses of approximately $10 billion
from the natural hazards listed above, is developing this program the
Decade through a partnership involving:

o The Federal Agencies, which are organized through the Committee on
Earth Sciences as the Subcommittee on Natural Disaster Reduction.

o The National Research Council of the National Academy of Sciences
which has organized a U.S. National Committee on the Decade for
Natural Disaster Reduction to advise the Federal Agencies.

o Institutions, organizations, and individuals having abroad range of
expertise throughout the nation who have responded to an
"Invitation to Participate in the Decade" extended by the U.S.
National Committee in May 1989.

The U.S. National Committee, chaired by Dr. Richard Hallgren, American
Meteorological Society, consists of 15 members having backgrounds and broad
experience in the earth gciences, hydroleogy, wind engineering, earthquake
engineering, fire safety, weather, political science, communication,
insurance, the environment, emergency management, and public
administration. The committee is supplemented by working members from and
of the Federal Agencies having natural hazard programs (for example, U.S.
Geological Survey, National Science Foundation, National Oceanic and
Atmospheric Administration, Federal Emergency Management Agency, National
Institute of Standards and Technology, the U.S. Forest Service, National
Aeronautics and Space Agency, Office of U.S. Foreign Disaster Assistance,
Corps of Engineers, and the State Department).
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The Federal Agencies Subcommittee on Natural Disaster Reduction and the
U.S. National Committee must deal with thréde critical problems in the
development of a U.S. Decade program. The are:

o Leadership,
o Motivation, and
o Funding.

Each of these complex problems is being addressed cooperatively. The goal
of the cooperative efforts is to:

o Develop a vision of where we go as a Nation during che decade.

o Identify a rallying point that all participants in the Decade
throughout the Nation can associate with (for example: a) zeal for
protecting our planet from the disastrous consequences of natural
hazards, b) personal pride in protecting our homes, families, and
workplaces, c) national pride that comes from gaining a position of
preeminence in the world inm natural hazards research or in disaster
prevention, and d) the challenge of working together to make the
world safer and more productive).

o Create partnerships at all levels throughout the Nation to carry
out programs to accomplish the vision (for example: a) Federal-
Federal, b) Federal-State, c) State-State, and d) Federal-regional
partnerships). '

[ Attack complex programmatic issues one step at a time (for example:
a) the linkage between researchers and practitionerc, and b) the
interface between disciplines).

o Work smarter, not just harder (for example: a) take advantage of
the exiting body of fundamental knowledge on natursl hazards
developed through research, and b) utilize modern technology such
as geographic information systems, satellites, and computer
networks).

o Communicate (for example: a) use a nationwide speakers bureau to
communicate the vision of the Decade to everyone, ) use a national
news letter, c¢) improve the capability of credible sources of
hazards and risk information to use all of the available channels
to reach decisionmakers and policymakers and their constituencies
with a meaningful message).

o Simplify (for example, some loss reduction techniques for each
natural hazard can be applied to another natural hazard).

o Evaluate (for example: a) use the anniversary dates of past
notable disasters as a time to take stock of progress and to
examine gaps in knowledge or capability and b) use each new



disaster as a window of opportunity to exiting capability).

These seven actions are expected to provide solutions to the problems
associated with leadership, motivation, and funding.

The U.S. Committee, which met for the first time on June 21-22, 1989, will
produce a comprehensive report in 1990 containing model programs and
recommendations on how to implement them. These programs will call for:

o Pilot projects to build local, State, regional,and national
partnerships,

o National projects to accelerate the application of loss reduction
measures, and

o International projects to share the technology for hazard

mitigation with other nations, especially developing countries.

The overall goal is to save lives and to reduce economic losses in the
United States. The particular thrusts of the U.S. Decade programs will be

on achieving:

o Coordination and integration of the natural hazard programs oi the
Federal Agencies, State and local governments, academia, and the
private sector.

o Development of hazard warning and prediction systems.

o Creation and sharing of multihazard databases and mitigation
techniques.

o Implementation of post disaster data acquisition,data analysis, and

data sharing programs.

o Execution of research to close critical gaps in fundamental
knowledge on topics such as extreme events and the implications of
regionally and temporally varying natural hazards occurring
singularly or in combinations.

o Provision of education and training throughout the Nation to
increase awareness of natural hazards and to enhance the
capability and skills of professionals to deal with their adverse
societal impacts.

o Improvement of existing systems to communicate natural hazards and
risk information, especially to public officials, policymakers, and
professionals who can provide leadership for hazard mitigation.

The U.S. National Committee on the Decade for Natural Disaster Reduction
will join with the committees and entities of other nations and the United
Nations in carrying out the overall Decade program. The United Nations,
which will have a major role in facilitating the Decade program, started
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their planning in March 1988 by forming a 25-member International Ad Hoc
Group of Experts on the Decade. Chaired by Frank Press, this group
delivered a report to the Secretary General of the United Kations on June
1, 1989, containing model programs and recommendations for an organization
to implement them. The proposed organization for the Unitecd Nations .
consists of:

o A Board of Trustees to marshall political support and to seek
funds.

o A program committee to solicit, develop, evaluate,and recommend
programs to individual nations for the Decade.

o A secretariat drawn from existing UN organizations to carry out
operational requirements.

The report also recommended that a trust fund be established to provide
resources to assist program development, especially for developing nations.
The trust fund and the funds available to each national comnittee or
national entity would constitute the resources for the Decade program.

The challenge of the International Decade for Natural Disaster Reduction in
unprecedented. If the past is an indication of what will happen in the
1990's and afterward, the United States and the world will once again face
potential disasters from:

o Earthquakes, such as those that occurred in Alaska in 1964, Algeria
and Italy in 1980, Chile and Mexico in 1985, and Armenia, SSR, in
1988.

o Volcanic oruptiong, such as those that occurred in Mount St.
Helens, Washington in 1980, Nevado del Ruiz, Columbia in 1985, and
Izu-Oshima, Japan in 1986.

o Floods, such as those that occurred in Florence, Italy in 1966,
Nagasaki City, Japan in 1982, and Bangladesh in 1938.

o §, such as those that occurred in
Japan from typhoon Isewan in 1959, in Pakistan from a cyclone in
1970, on the eastern seaboard of the United States from hurricane
Agnes in 1972, and in Jamaica and other Caribbean countries from
hurricane Gilbert in 1988.

o Tornadoeg, such as the Palm Sunday outbreak that struck Iowa,
Illinois, Indiana, Michigan, and Wisconsin in 1965; and the super
outbreak of tornadoes that struck 11 Midwestern Scates and Canada
on April 3, 1974.

o Landslides, such as those that occurred in Alaska in 1964 in
conjunction with the Prince William Sound earthquake, in Peru on
the west bank of the Manatro River in 1974, in Puerto Rico in 1983,
in Ecuador in 1987, and in Tajekistan, SSR in 1989.



o Tsunamis, such as the Showa Sanriku earthquake-tsunami that struck
Japan in 1933, the Chilean earthquake-tsunami which struck Hawaii
and affected the coast of almost all of the countries of the
Pacific rim on May 22, 1960, and the Mindanao earthquake-tsunami
that struck the Philippines on August 7, 1975.

o Wildfires - such as those that broke out in the Great Khingan Range
in northern China on May 5, 1987 and the great Yellowstone
wildfires of 1988 in the Western United States.

o Drought - like the Dust Bowl drought on the 1930's that persisted
in the Great Plains States of the United States for 10 years, and
the long-term drought beginning in 1968 in the Sahel countries of

West Africa. :

o Insect infestation - such as the invasions of pilgrim locusts which
have occurred often in many places in Africa.

The goal of the Decade is to keep recurrences of these natural hazards from
becoming disasters. The concerted actions of all nations working together
in the 1990’'s can make this goal a'reality.
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RESEARCH

PREPAREDNESS,
WARNING, AND
MITIGATION
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PRACTICES MEASURES
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ASSESSMENT

EDUCATION

* See Explanation of Terms for definition.



U.S. National Commié;ee for the
Decade for Natural Disaster Reduction

Explanation of Terms Used in Illustration

- the determination of the types

of natural hazards likely to occur, their frequency, spatial
extent, physical characteristics, and adverse consequences

siting - the process whereby all relevant geological,
geophysical, and engineering data are integrated into
decisions concerning the location of structures or facilities

Design - the process of developing in a structure exposed to
natural hazards an adequate capacity to withstand their
potential physical effects

construction practices ~ the process whereby professionals

turn theory, experience, and construction materials into
structures that will function safely during the occurrence of
a natural hazard

Preparedness - detailed planning for prompt and efficient
response once a natural hazard occurs

Warning - providing forecasts, alerts, and predictions for
impending or potential events through technical and societal

systems

Mitigation - efforts aimed at preventing loss of life,
property damage, and economic losses associated with the
potential occurrence of natural hazards

- applications of
knowledge to guide decisionmaking and change individual,
community, and professional practices in order to reduce the
expo:ure and potential vulnerability of people and structures
to risk

Bgagg:gh - studies aimed at filling gaps in knowledge about
all aspects of natural hazards

- the continuous process of informing
decisionmakers, professionals, and various sectors of the
public of the potential risk posed by natural hazards and the
means for reducing their exposure and potential wvulnerability
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ABSTRACT

Problems with and approaches to seismic-hazard estimation in the midcontinent of
the United States are evaluated by using recent data on stress regime, crustal age and
structure, and seismicity of other stable continental regions. Evaluating earthquake haz-
ard in the central U. S. is difficult because of the lack of identifiable seismogenic faults and
because of the low rate of seismic activity. Furthermore, the recurrence intervals of large
earthquakes are poorly known, in part because of the short historical record that spans
only a fraction of the repeat times of these quakes. The seismotectonic regime of the central
U. S. is dominated by the Reelfoot rift complex and the associated New Madrid, Missouri,
seismic zone. However, there are other major tectonic structures in the region such as the
Nemaha ridge, the Midcontinent rift system, ar;d the \;Vichit&Ouachita orogenic belt, and
earthquakes that can generate damaging ground motion (approximately magnitude 5.0 or
greater) have occurred in the states of Ohio, [llinois, Oklahoma, Texas, Kansas, Nebraska,
Kentucky, Alabama, and Arkansas as well as Missouri. Opinions vary widely about the
best way to delineate seismic source zones in such a diffuse and varied scismotectonic envi-
- ronment. Moreover, detailed paleoseismic or neotectonic data that could improve hazard
assessments are extremely sparse in the central U. S. The Meers fault scarp in southwestern
Oklahoma, with its evidence for Holocene displacement and its lack of background seismic-
ity, highlights a new set of assessment problems. Development of site-specific probabilistic
hazard curves are further hampered by the lack of strong ground-motion data and high
resolution attenuation data. We address aspects of the overall seismic-hazard assessment
problem for which neotectonic information provides constraints. These include a seismic

source zonation for the central U. S. and estimates of maximum possible earthquakes for

these zones, especially for the New Madrid region.



INTRODUCTION

There have been numerous attempts to quantify the seismic hazard in the central
United States: the three most systematic, comprehensive, and recent were by the U. S.
Geological Survey (Algermissen et al., 1982), Lawrence Livermor: National Laboratory
(Bernreuter et al., 1989) and the Electric Power Research Institute (EPRI, 1986). The
USGS study evaluated the whole of the United States while the LLNL and EPRI studies
focused on the central and eastern U. S. (east of the Rocky Mountain cordillera). All
of these efforts utilized large teams of investigators and required a substantial amount
of judgement as to the relative importance of the record of past seismicity versus the
seismogenic potential of known geologic and tectonic structures as they are oriented within
the regional stress regime. More localized central U.S. seismic-hazard studies have been

conducted by Nuttli and Herrmann (1978) and Nuttli (1979).

For this report, the central United States is defined as the region bounded on the
north by Canada, the south by Mexico/Gulf of Mexico, the west by the Rocky Mountain
Cordillera/Rio Grande rift, and the east by the New York-Alabama aeromagnetic linea-
ment as delineated by King and Zietz (1978). It includes the states of North and South
Dakota, Nebraska, Kansas, Oklahoma, Minnesota, lowa, Missouri, Arkansas, Louisiana,
Mississippi, Michigan, Wisconsin, Illinois, Indiana, Kentucky, Ohio, and portions of West

Virginia, Tennessee, Alabama, Texas, New Mexico, Colorado, Wyoming, and Montana.

Seismic-hazard estimation includes a number of elements. Where active and capable
faults are known and mappable as in the western U. S., the hazard will depend on the
seismic potential, that is, the activity rate and the largest earthquakes that the fault(s)

can sustain. In the central and eastern U. S., active faults are rarely identified and addi-
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tional, more indirect steps are necessary. The “classical” approach to hazard assessment
for the central United States involves: (1) delineating seismic source zones based on either
seismicity, tectonics, or a combination of both; (2) assigning a frequency-magnitude recur-
rence relation and a maximum possible earthquake for each source zone; (3) developing
regional anelastic attenuation relations and applying them to sites within the study area;
(4) producing a hazard curve by incorporating contributions from all source zones at a
specific site. For an individual site, the hazard curve estimates the probability of exceed-
ing a particular ground motion parameter, usually peak or sustained ground acceleration;

an example is given in Figure 1. The usual style of presentation for a region is a contour

map showing the level of ground motion that will not be exceeded with a specified time

hed s

period (e.g., Algermissen et al., 1982).

For this study, as part of a symposium on applying neotectonics to earthquake risk
evaluation, we will emphasize the problems of identifying seismic source zones and assigning
source parameters to these zones; this is where neotectonic information is incorporated into
the hazard evaluation process. We do not address the equally important questions of proper

probabilistic and statistical modeling of ground motion .

As with seismic hazard, the seismicity and tectonics of the central United States have
been the subjects of extensive previous investigations (e.g., Nuttli and Herrmann, 1978;
Nuttli, 1979; Van Schmus et al., 1987; Bickford et al., 1986; Hatcher et al., 1987). A
detailed and comprehensive reexamination is not included here; rather, our objective is
to define the seismicity and large-scale tectonic features in a general sense in order to
characterize the problems in seismic-hazard assessments in the region. In our view, the
single most difficult problem is estimating the “seismic potential” of a zone or a crustal

structure. Aside from the question of properly delineating the zone, this seismic potential
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has two components: an estimate of the maximum possible earthquake and an estimate
of the frequency of occurrence of moderate-to-large events (m > 5). Both components are
essential for hazard estimation, yet quantitative constraints for these parameters are sparse.
For the central United States where the historical record of seismicity is short, where the
character of the crust at seismogenic depths is obscure, and where the earthquake potential
of most of the recognized crustal structures is unknown, assessing the seismic potential is
based more on judgement than knowledge. In the following we present a brief overview
of the region in terms of its crustal composition, tectonics, stress regime, and seismicity.
Finally, we return to the question of seismic “judgement” as part of an exercise of seismic

zonation of the central United States.

ot It

THE CRUST OF THE CENTRAL U.S.

How can the crust of this region be usefully characterized for assessing seismic po-
tential? To begin, there is little doubt that earthquakes are generated in the upper crust,
above the brittle-ductile transition, 20-30 km deep. However, in the central U. S. crys-
talline basement is concealed beneath a veneer of Paleozoic sedimerntary rocks. Virtually
all large earthquakes, which have sufficient data to closely constrain hypocclntral depth,
occur within the igneous and metamorphic rocks of the upper crust, although some fault-
ing as revealed by aftershocks does extend up into Paleozoic strata. Moreover, there is no
documented case of surface fault rupture accompanying any earthquake in the central U.
S. (The Meers fault in southwest Oklahoma is a remarkable exception to this rule for a

prehistoric earthquake and will be discussed later in this review.)

The crystalline crust of the central United States is wholly Precambrian in age, with
the possible exception of the southern coastal block (e.g., Hoffman, 1988). Classically, this
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region is divided into Canadian shield and interior platform, which together comprise a
collage of at least five cratonic elements (Figure 2), the products of major Precambrian
orogenic episodes, ranging in age from Superior craton nuéleation in the Archean (3.8
to 2.5 b.y.) to the middle Proterozoic Grenville orogeny (1.1 b.y.) (Hoffman, 1988).
Most age determinations of the crust are from drill-hole s.amples; the principal outcrops
of Precambrian rocks (the Superior craton in Minnesota, the Ozark dome in Missouri, the

Llano uplift and Van Horn/Franklin Mountains of Texas, and the Blacx Hills upliit of

South Dakota) are few and isolated.

This representation of a Precambrian central U. S. crust that grew to the south and
east via lateral accretion during successively y;)'imger orogenies is derived from data only
recently available. U-Pb age dating on zircon concentrates from drill cuttings (Van Schmus
et al., 1987) is perhaps the most useful technique for applying these data to problems of
midcontinent crustal evolution. Reliable dates are obtained from small samples, which—
unlike for Rb-Sr or K-Ar dating—can tolerate some minor weathering and/or alteration.

A comprehensive evolutionary framework for our study region is deveioping rapidly.
TECTONICS OF THE CENTRAL UNITED STATES

North of th;: Paleozoic Ouachita system, Phanerozoic tectonics had minimal effect on
the crust of the central U. S. The interior platform was consolidated into a vast composite
craton by about 1,300 m.y. This is not to say, however, that tectonic processes ceased to
operate in the region. The most prominent example of this is the Midcontinent rift system
(Chase and Gilmer, 1973; Vaz; Schmus and Hinze, 1985) (see Figure 3). It has the strongest
gravity signature in the central U. S., consisting of a belt of sharply defined linear, positive

Bouguer gravity anomalies extending from Michigan to Kansas, with central highs of +60
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mgal flanked by lows of -100 mgal. Rocks in the rift system are contemporancous with those
of the Grenville province to the east, raising the possibility the two are genetically related.
Although the origin of the Grenville province is poorly understood, it may represent an
ancient continental collision zone that formed the Midcontinent rift system behind the
suture front in response to extensional forces. A present-day analogue to this is the Baikal

rift zone of central Asia that lies well north of the India-Asia collision zone.

Figure 3 depicts a number of other primary tectonic features in the central U. S.
and categorizes them according to whether they are expressed at the surface (geologically
defined) or in the subsurface (geophysically defined). We preferentially emphasized rifts
and sutures in this figure because a recent study (Coppersmith st al., 1987; Johnston,
1989) identifies these structures as important features that localize seismicity in the stable

interiors of continents.

The Paleozoic Ouachita thrust and fold belt is the major Phanerozoic suture travers-
ing the study area. It is generally interpreted as a continuation of the Appalachian system
(Hatcher, et al., 1987), but the connections are concealed beneath the Gulf Coastal Plain
sediments of Alabama. The Ouachita belt represents the southern boundary of Precam-
brian North America; it juxtaposes Proterozoic cratonic crust to the north with crust of
unknown age and uncertain character (continental or transitional oceanic) to the south

(Viele, 1979).

Another possible but less-clear continental suture is the New York-Alabama lineament,
the eastern boundary of the study area. The crustal structure that produces this aeromag-
netic lineament is within Grenville-age crust beneath the Appalachian decollement. It has

been interpreted as a major strike-slip fault associated with continental collision (King and
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Zietz, 1978); alternatively, it may demark the suture between the Grenville crust of North
America and an accreted terrane named the Clingman block by Johnston et al. (1985) or

the Bristol block by Hatcher et al. (1987).

Three major failed continental rift complexes or aulacogens intersect the Ouachita belt
at high angles: the Delaware aulacogen of west Texas, the southern Okl‘;;shoma aulacogen,
and the Reelfoot rift cor;xplcx. All are Eocambrian (575-700 m.y.) in age (e.g., Gordon,
1988) but at least the Reelfoot rift, and probably the others, experienced additional ex-
tension and intrusion during early Mesozoic-to-Cretaceous time (Braile et al., 1984). The
similar ages for the formation of these rifts suggests that they formed as perhaps failed arms

of triple junctions (the Reelfoot rift may represent more than one) during an episode of

late Precambrian continental break-up that predated the Ouachita-Appalachian orogeny.

Other smaller crustal features or their geophysical expressions might be included in
Figure 3 that perhaps could be relevant to earthquake occurrence in stable continental
settings. For example, basement uplifts and basins, gravity and magnetic highs and gra-
dients, mafic and felsic plutons, shallow crustal grabens, and faults with a wide range of
dimensions have been considered in the literature. A cause-and-effect relationship between
these smaller scale features and seismicity remains tenuous and is therefors not promoted
here. Local stress concentrations arising from these crustal inhomogenecities may produce
moderate-size earthquakes (up to magnitude 5.0-5.5), but we contend that the larger,
damaging events will be associated with the major crustal features, mainly rifts, shown in
Figure 3. In fact, in stable continental regions worldwide, earthquakes exceeding moment
magnitude 6.0 are exceedingly rare except in crust that has experienced extensive rifting

since the Mesozoic (Coppersmith, et al., 1987; Johnston, 1989).

6



THE STRESS REGIME OF THE CENTRAL UNITED STATES

The stress regime—or more accurately the orientation of the horizontal principal
stresses that has the greatest deviation from lithostatic stress—has of the contiguous
United States been estimated by Zoback and Zoback (1980; 1989) using earthquake focal
mechanisms, in-situ stress measurements, and the orientation of stress-sensitive geologic
features. The principal differences between the 1980 and 1989 studies are tfmt in the more
recent study, Zoback and Zoback deleted stress orientation estimates based on overcoring
data or geologic features older than Miocene and included recent wellbore-breakout data.
These changes resulted in significant differences in the 1980 and 1989 stress-regime maps
in the eastern and western United States; however; the stress regimne for the central U.
S. remained unchanged. This suggests that the stress regime in the central U. S. is re-
markably uniform with the direction of maximum horizontal compression trending from
northeast to east-northeast as the region is traversed from northeast to southwest (Figure

2).

There are some relatively minor exceptions to simple stress state described above. An
extensional stress province is present in the extreme southwest corner of the study area
in Texas and New Mexico, possibly representing a transitional zone between the active
extensional tectonics of the Rio Grande rift directly to the west and the stable platform
of the central plains. The stress orientation for the basement crust of the southern coastal
block (Figure 2) beneath the thick deposits of coastal plain sediments is unknown. And,
of course, the magnitude of the horizontal stress deviation from lithostatic conditions at

hypocentral depths is not known anywhere in the study region.

This picture of a uniform deviatoric stress state for the central U. S. has several

7




important implications for seismic-hazard estimation. Most, if not all, earthquakes occur
in a brittle upper crust which was assembled and incorporated into continental North
America more than one billion years ago. The borders of this region, at all but the
northern margin, experienced additional significant tectonism throughout the Paleozoic
and into the Cenozoic. Evidence of this Phanerozoic (and the older Proterozoic) activity
remains in the form of the primary tectonic features of Figure 3. At present, and probably
since ;he Miocene, this ancient, scarred crust is being subjected to a compressive, regionally
uniform stress regime that originates from plate margin interactions remote from the region

itself. Qur task now is to use this understanding of stress regime and crustal structure

to explain the observed seismicity of the central U. S. and, ultimately, to derive useful

-~ .

estimates of the pattern and severity of future seismic activity.

THE SEISMICITY OF THE CENTRAL UNITED STATES

The seismicity of the central United States is depicted in Figures 5 and 6. Although
the orientation of the horizontal deviatoric component of the stress regiine in the central
U. S. seems to be very uniform, the distribution of earthquakes decidedly is not. Whether
one considers total known seismicity (my > 3.5, Figure 5) or only the larger events (mp >
5.0, Figure 6), nonrandomness is obvious. While it is likely that this two-to-three century
‘snapshot’ of seismicity is inadequate to show the complete, detailed pattern, we argue that
it is sufficient to establish an inherent high degree of clustering. It follows that physical

reasons must exist for the observed clustering of seismic energy release in the central U. S.

The distribution of earthquakes shows little correlation with provinces of similar

crustal age (Figure 2). However, if only larger events are considered (see Table 1), there
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is a good correlation with primary tectonic structures (Figures 3 and 6). Thus it is prob-
able that the type of feature, its geologic age, and its orientation within the prevailing
contemporary regional stress regime are all important contributing factors to earthquake

generation in stable continental interiors.

The most pronounced cluster of activity (Figures 5 and 6) centers on the confluence
of the Mississippi and Ohio Rivers at the head of the Mississippi embayment and is clearly
spatially associated with the Reelfoot rift complex of Figure 3. No earthquake exceeding
magnitude 6 has occurred in the central United States outside of this zone since settlement
of the region by Europeans. (The 1931 West Texas event—moment magnitude 6.3 (Doser,
1987)—occurred in a zone of active faulting associated with the Rio Grande rift and thus

has a closer affinity to western U. S. tectonics than to the stable midcontinent.)

The great New Madrid earthquakes of the winter of 1811-1812, as well as the current
seismicity of the zone (Figure 8), have been extensively discussed in the literature; we
need not repeat those discussions here (see Johnston, 1982, for an overview). Clearly, from
Figures 3, 5, and 6 and Table 1, the New Madrid zone, including its probable northward
extensions, completely dominates central United States seismicity. In fact, it has the
highest seismic moment release rate of any seismic zone in a stable continent region in the
world (Coppersmith et al., 1987; Johnston, 1989). Why is the New Madrid region unique

considering that other continental interiors contain numerous primary tectonic structures

and are thought to be subject to fairly uniform regional stress regimes?

The answer to the preceeding question is not straightforward and requires a degree of
speculation or seismic judgement. One possible answer is that with a much longer record of

seismicity, other crustal structures in the central U. S. or in other stable continental regions
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might be the loci of large earthquakes, i.e., the assumption of a temporally stochastic
pattern of earthquake occurrence is invalid. While we canniot exclude this possibility, we
do not favor it and cite the highly stochastic character of the longer seismicity record of

China (e.g., McGuire, 1979).

We propose four factors that, combined, make the Reelfoot rift complex. especially,
perhaps uniquely, susceptible to a high rate of seismicity and the generation of major
earthquakes. First, as previously mentioned, it is a major, throughgoing crustal structure.

This may be essential to localizing a high strain rate (Anderson, 1986).

Second, the rift is oriented ideally with respect to the regional stress regime (Figure 4)
for the ratio of shear-to-normal stress to be maximized on preexisting fault systems. (Note
that its active west-northwest segment is a good left-lateral strike-slip representation of the
auxiliary nodal plane for the right-lateral strike-slip mechanism of the southwest-trending
axial zone.) Other major structures of Figure 3 tend to strike perpendicular or parallel to

the regional stress, yielding a less-than-optimum ratio of shear-to-normal stress.

Third, the major Mesozoic-Cenozoic reactivation of the Reelfoot rift is tectonically
relatively young, and its crustal disruption has not had time to heal. This may be the

factor that explains the aseismicity of the middle Proterozoic midcontinent rift system.

Fourth, and most speculative, is the observation that the Reelfoot rift complex is
saturated with water from the largest of the North American drainage systems. It is a
“wet” seismogenic structure and some evidence suggests that this may be an important
contributing factor for intraplate earthquake generation (Nava and Johnston, 1984; Costain

et al., 1987).
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CHARACTERIZATION OF INTRAPLATE SEISMIC SOURCE ZONES

To provide a seismic-hazard evaluation for the central United Stotes, we must conlront
the problem of defining seismic source zones in a region virtually devoid of identifiable
active faulting. We propose as a useful approach a classification of seismic source zones

that includes information on the degree of knowledge available to define the zone.

In regions such as the central U.S. that lack identified active faults, the concept of a
“seismic source zone” is in itself an admission of lack of knowledge. Abundant seismological
evidence indicates that shallow non-volcanic earthquakes are satisfactorily modeled as
shear failures on planar or at least tabular features we call faults. A seismic source zone,
then, represents a geographic region which is judged to contain at leas_t one and perhaps
a collection of faults capable of generating earthquakes. Seismic parameters—principally
the frequency-magnitude relation and maximum magnitude earthquake—are assumed to
be homogeneous throughout the zone. Along plate boundaries and throughout most of the
western United States, seismic source zones can be restripted rather confidently to mapped
fault zones, although the presence of unrecognized source zones remains (e.g., the Coalinga
earthquake for which the causative fault was concealed by an anticline ridge structure of

Pliocene and younger age (Clark et al., 1983)).

In the central United States seismic source zones are generally large, a reflection of
large uncertainty in their definition. Moreover, in an ekercise in which 13 ‘experts’ were
requested by Lawrence Livermore National Laboratory to independently zone the central
and eastern U.S., the divergence of the resulting m;a,ps was startling, as was the range of
criteria that the experts used to delineate the source zones (Bernreuter et al., 1989; Figure

3 in Anderson, 1986). Most weight was given to historical seismicity patterns, with tectonic
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structure and orientation to the regional stress regime also ranking high in importance,

but the emphasis and interpretation of each expert varied greatly.

The classification of intraplate seismic source zones (ISSZs) proposed by Jolnston
(1987) enables one to define seismic source zones in a systematic manner. This is useful
because it helps characterize seismic hazard in these regions while incorporating the current
level of uncertainty in the definition of the source zones. As used here the term ‘intraplate’
excludes all features on which plate contact seismicity occurs or zones directly associated
with plate margins in which it is clear that relative plate motions are accommodated,
even though slip vectors may not be oriented subparallel to the relaiive plate motion

vector. (Examples of such interplate seismic soiirce zones include actual plate boundaries,

subsidiary faults in the San Andreas system, and outer rise or overriding wedge earthquakes
in subduction zones.) The distinction between interplate and intraplate is most difficult in
regions such as south central Asia or portions of western North America where plate motion
is accommodated over a broad zone. Such distributed plate boundaries are commonly

included in the intraplate category.

The intraplate designation can be further subdivided according to whether a region
is subject to significant Mesozoic/Cenozoic tectonic activity. If this is absent, we term the
region ‘stable continental interior’ (SCI). In SCI regions active surface faulting is rare, and
consequently, precision and confidence in delineating ISSZs is limited. Qur study area, the

central U. S., is an SCI region.

The proposed classification for continental intraplate seismic source zones is given
in Table 2. All intraplate regions are assigned to one of six categories, depending on

known (or unknown) tectonic, geologic, and seismological characteristics. Categories 1
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through 6 (Table 2) imply a steplike transition from abundant data that cleéxrly define
an ISSZ (Category 1 and 2) to a virtual lack of data for background zones (Category 6).
In reality, the categories are gradational and, as new data are acquired and knowledge
improves, seismic sources can be redefined into new, better constrained ISSZs. One of
the primary objectives of seismic-hazard research is to upgrade category 3-6 zones—where

most continental intraplate ISSZs now would be classified—into category 1 or 2.

SEISMIC SOURCE ZONATION OF THE CENTRAL UNITED STATES

To zone the central U. S. for hazard analysis, we must (1) delineate individual seismic
source zones, (2) assign a maximum ‘credible’ earthquake to each zone, (3) estimate the
rate of seismic activity for each zone, and (4) determine the anelastic attenuation from
each zone to sites of interest. Estimating the seismic activity and attenuation are beyond
the scope of this study, but we will examine how to approach tasks (1) and (2) for the

central United States.

The previously cited study of Coppersmith et al. (1987; see also Coppersmith and
Youngs, 1989) that assessed the worldwide occurrence of seismicity in stable continental
interiors (SCI) provides a comprehensive data base that can guide source zone definition
and maximum earthquake selection in the central U. S. To counter the probability that the
observational record is neither sufficiently long nor complete, Coppersmith et al. compiled
data from magnitude 5.0 or greater earthquakes from all stable continental regions. They
found fewer than 20 known events of magnitude 7.0 or greater in these regions, and the
level of seismic activity varies greatly on a continent-size scale. Most large events have
been preceded by known historical or instrumental seismicity and Lave occurred in crust

of Paleozoic rather than Precambrian age.
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Other findings from the SCI study are applicable to seismic source zonation in the
central U.S. They include (1) a compressive horizontal deviatoric stress regime dominates
in SCI regions worldwide, producing mostly thrust and strike-slip earthquakes; (2) from
a total data set of over 500 events, my > 5.0 earthquakes are strongiy associated with
continental rifts of Mesozoic age and younger, and continental margins or suture zones;
(3) the rifted-crust association is even stronger for large earthquakes—those that exceed
magnitude 7 occur exclusively in zones of Mesozoic/ Cenozc;ic rifting, i.e., passive continen-
tal margins (successful rifts) or intracontinental (failed) rifts; (4) surface fault rupture is
extremely rare and has been confidently documented in only two percent of the SCI data

set (eight occurrences).

Given the information compiled in Coppersmith et al. (1987), how should one proceed
with seismic zonation in SCI regions? The study imposes a strong constraint on source
zone delineation by limiting large (M > 6.9) SCI earthquakes to a few passible tectonic
settings. Since a seismic zone must have the same maximum earthquake assigned to the
entire zone, boundaries should be based on mapped or geophysically-inferred structural

boundaries, principally of Mesozoic or younger rifts.

The problem of defining the seismic source zone for maximum New Madrid earth-
quakes was addressed by Johnston and Nava (1985) in their analysis of recurrence prob-
abilities of such events (Figure 7). They concluded that, although the crustal elastic
strain storage volume for the 1811-12 earthquake sequence must far exceed the Reelfoot
rift boundaries of Hildenbrand et al. (1982), major New Madrid earthquakes will be re-
stricted to the principal fault segments within the boundaries of the rift. These segments
are delineated by the concentrated pattern of instrumental earthquake epicenters shown in

Figure 8. We conclude that the principal seismicity segments of the New Madrid seismic
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zone must be separately zoned from the rest of the Reelfoot rift complex becanse it has a

different (higher) maximum earthquake potential.

The study of Coppersmith et al. (1987) offers useful guidance in restricting the major
M > 7 earthquakes of SCI regions to a few locales, but what of the significant hazard con-
tributed by damaging, moderate-magnitude events? Background seismicity (e.g., Figure
5) is an unreliable, even misleading, guide to where such events may occur—witness the
1980 M5.2 Sharpsburg, Kentucky, earthquake, the 1982 M5.6 New Brunswick earthquake,
or the 1986 M5.0 earthquake near Cleveland, Ohio. We conclude that while major earth-
quakes can be localized to certain types of primary tectonic structures, one must allow for

the occurrence of magnitude 5.0-5.5 events virtually anywhere in the central U. S.

Having examined some of the issues involved in seismic source zoning and maximurn
carthquake designation, we now proceed to zone the Central U.S. In Figure 9 we subdivide
the central U. S. into seismic source zones (SSZ) that are labeled according to the type
of data used to define the zone (see Table 2). Two requirements controlled the selection
of the SSZs in Figure 9. The most important criterion is that the maximum earthquake
must be allowed to occur anywhere within the boundaries of the identified source zone.
Because fault dimensions of even the largest midplate earthquakes will likely not exceed
100 km (Nuttli, 1983), the SSZs of Figure 9 obviously do not represent monolithic seismo-
genic structures; rather they are regions within which structures have similar seismogenic
potential. In applying this criterion, we emphasize the maximum earthquake component

of seismic potential rather than seismic activity rate.

This first SSZ selection requirement leads directly to the second: boundaries of iden-

tified SSZs should be based primarily on the known or inferred extent of primary tectonic
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features (Figure 3). Thisis a significant departure from the past practice of delining scismic

source zones based on the record of historical seismicity.

The maximum earthquake estimated for each SSZ in Figure 9 is based on both the
largest known earthquake for the zone and on the earthquake record of similar SS5Zs in
global data base of Coppersmith et al. (1987). Note that of all central U. S. seismic source
zones, only the Reelfoot rift SSZ has experienced our estimated maximum earthquake in

historic times.

We have defined fewer seismic source zones in Figure 9 than some previous studies
(e.g.y Nuttli and Herrmann, 1978; Bernreuter et al., 1989). This is because we recognize the
possibility of a moderately large earthquake (m; 5.0-5.5) over a very broad ‘background’
SSZ (category 6, Table 2) based on the worldwide study (Coppersmith et al., 1987) that
shows that many such events in SCI environments cannot be associated with primary
tectonic structures. Thus our background SSZ combines many seismic source zones that
previously had been treated separately (e.g., the Ozark uplift, the Colorado lineament,
various intra-cratonic basins or uplifts). Past seismic activity and the orientation to the

regional stress field are additional contributing factors that we considered.

The Reelfoot Rift/New Madrid SSZ

The Reelfoot rift complex is subdivided into two separate SSZs (Figure 10), a ‘seismic’
SSZ (Zone A) and a ‘seismotectonic’ SSZ (Zone B) (see Table 2). Zone A is delineated on
the basis of the linear trends of numerous small earthquakes epicenters (Figure 8). The
linearity of the pattern suggests that this zone is actually composed of several seismogenic
fault segments; these probably last ruptured in their entirety in thee great earthquake

1

sequence of 1811-1812. Moreover, seismic-reflection profiles have actually imaged an upper
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crust ‘disturbed zone’ that is coincident with the southwest arm of Zone A (e.g., Crone et

al., 1985).

Zone B is defined by the geophysically-inferred limits of the Reelfoot rift complex. Its
borders are the margins of the rift as defined by magnetic and gravity data by Hildenbrand
et al. (1982) to the south, and by Braile et al. (1984) to the north. The geophysical
signature of the Reelfoot lobe is much clearer than the Saint Louis and Wabash Valley
lobes to the north, but the geophysical data and seismic activity are significant enough

that these northern branches should not be ignored in hazard zonations.

The east-west Rough Creek graben zone is included as a fourth lobe by Braile et al.
(1984). It is clearly a rift-type structure, but we classif&r it as a “tectonic” SSZ (category 5,
Table 2) because it has no associated significant seismic activity. The lack of seismicity is
probably related to the fact that its orientation is nearly parallel to the prevailing regional
horizontal principal stress. We consider the probability of significant earthquakes (my >
5.5) in this zone to be much lower than the rest of Zone B; therefore we remove it from

Zone B on the map in Figures 9 and 10.

We assign as the southern boundary of Zone B the inferred extension of the Ouachita
foldbelt beneath the Mississippi embayment. This choice of boundary is not based on
hard data. It is unclear that the rift structure of Hildenbrand et el. (1982) extends to
the foldbelt, but there is no evidence that the rift extends south of the Ouachita belt.

Therefore, it seems a logical place to truncate Zone B.

In terms of perceived seismic hazard, the distinction between Zone A and Zone B
is important: both the maximum possible earthquake and the seismic activity rate differ

substantially for the two subzones. We believe that a great earthquake of my > 7.0,
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M, > 8.0 would be restricted to Zone A. A possible, although admittedly qualitative,
explanation for this is that the crustal rock of stable continental interiors is normally strong
enough to inhibit or confine coseismic rupture propagation; only within the faulted and
weakened segments of Zone A can rupture propagate to sufficient dimensions to produce
great earthquakes. Thus we regard the New Madrid Zone A as a special case that is
virtually unique in North America with the possible exception of portions of the Saint

Lawrence rift valley.

Even though the boundaries of Zone B are fairly well defined by geophysical methods,
its maximum magnitude earthquake is difficult to estimate with any degree of confidence.
On the basis of the Coppersmith et al. (1987) study, we assign an m; 6.5 as the maximum
probable event. Low magnitude 6 events have occurred in continental rift environments
currently under compression in Europe (Rhine graben), India (Cambay and Godavari
grabens), North America (St. Lawrence rift), Australia (Adelaide geosyncline, Fitzroy
trough), and Africa (Sirte grabens). Events larger than m; 6.5 have occurred in the St.
Lawrence and Sirte regions, but we consider these analogous to New Madrid Zone A events.
The assigned maximum earthquake of m, 6.5 has not been experienced in historic times in
Zone B, but the occurrence of similar magnitude shocks in tectonically sim:lar rift settings

worldwide suggests such an event is possible in Zone B.

On the basis of the historical seismicity (Figure 5) and instrumental seismicity (Figure
8), significant earthquakes are more likely in Zone B north of latitude 35.5. One could
argue for separate zones, but we feel this relies too heavily on the sho:t historical record.
Nevertheless, the relatively aseismic nature of Reelfoot rift south of Marked Tree, Arkansas

is an enigma.



ilogue: Th Fault

The Meers fault, located in the Oklahoma aulacogen (Figure 3), represents a probable
prehistoric exception to the domination of central U. S. seismicity by the New Madr.id
zone. Strong geologic evidence now indicates a magnitude 7+ earthquake on this fault
within the past 1,100 to 1,400 years (Luza et al., 1987; Ramelli et al., 1987; Madole, 1988).
If the fault’s dip is subvertical at hypocentral depths, its orientation is favorable for left-
lateral strike-slip movement, which is the observed dominant slip component. It has been

virtually aseismic throughout the historical past.

Thus the Meers fault, with its prominent surface scarp, represents a western-style
('e.g., surface rupture), active fault within the central 'U. S. stabie interior. It is already
forcing a reexamination of seismic zonation practices, which, in the past, have relied heavily
on historical seismicity, because it violates the assumption of stationarity of seismicity
on which much seismic-hazard analysis is based. It is an important reminder that we
must continually question our assumptions and strive to improve our understanding of the

tectonics underlying the seismogenic process in the central United States.
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1987 06 10
1986 01 31
1980 07 27
1968 11 09
1952 04 09
193703 09
1931 08 16
1925 07 30
191704 09
.1916 1018
1909 05 26
1909 05 16
1905 08 22

18851031
1891 0927
1882 1022
187711 15
187506 18
1867 04 24
186508 17
1857 1008
18430105
1838 06 09
1812 02 07
181201 23
181112 16
181112 16

TABLE. 1

Central United States Earthquakes m 2 5.0

38.713/87.954
[SE lllinols]
41.642/81.109
[NE Ohio]
38.18 /83.94
[NE Kentucky]
37.96 /88.46
[SE Illinois]
35.525/97.850
[Central OK]
40.470/84.280
[W. Ohio}
30.69/104.57
[SW Texas]
35.4/101.3

IN. Texas]
38.10/90.20
[E. Missouri)
33.5/86.2

[N. Alabama)
42.0 /89.0

[N. Illinois]
50.0 /104.0

[U. 8.-CAN. Border]

36.8/89.6
[SE Missouri]

37.0 /89.4

[SE Missourt]
38.25/88.50
[SE Hlinois]
35.9 /95.1

[E. Oklahoma]
41.0 /970

|E. Nebraska]
402 /84.0

[W. Ohio]
39.17/96.30
[NE Kansas]
36.5 /89.5

[SE Missouri]
38.7 /89.2
[SW Illinois]
35.5 /90.5

[NE Arkansas]
38.5 /89.0

[S. Central IL]
36.5 /89.6

[SE Missourt)
36.3 /89.6

{SE Missouri)
36.0 /90.0

[NE Arkansas]
36.0 /90.0

[NE Arkansas]

5.1 mprg
5.0 mp

52mp
5.5 mpLg
5.5 Mg
5.0 mp
6.3 Mg
52M
5.0mp
5.3mp
5.0mp
5.5 mp

5.1 mp

6.2 mp

5.5 mbLg

55 mp

5.0 mp
5.2mp
5.1mp

5.3 mp

5.1mp

6.0 mp

5.0 mpLg

7.4 mp/8.8 Mg
7.1 mp/8.4 ms
7.0 mp/8.3 mg
7.2 mp/8.5 ms
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TWENTIETH CENTURY (1901-1987)

Vi
VI
Vil
VIl
vil
viI

VIl
VI
VI
VI
viI
VI
VI-viI

. NINETEENTH CENTURY (1801-1800)

X
Vil
VIl
Vil
vl
VII-VIII

VIl
vl
Vi

VI
Xl
X-X1

Xi

Taylor et al., 1989
Nichoison et al., 1987
Herrmann et al., 1982
Gordon et al, 1970
Gordon, 1988

Nuttli & Brill, 1981
Doser, 1987

Davis et al, 1989
Nutt!i & Brill, 1981
Steigert, 1984

Nutth & Brill, 1981
Horner & Hasegawa, 1978

EPRI catalog, 1986

Nu‘tli & Brill, 1981
Strect, 1980

Nuttlf & Brill, 1981
Nuttli & Brill, 1981
EPRI Catalog, 1986
Dubois & Wilson, 1978
Nuitl! & Brill, 1981
EPRI Catalog, 1986
Nuttli & Brill, 1981
EPRI Catalog, 1986
Nuttli, 1983

Nuttli, 1983

Street & Nuttli, 1984
Nuttli, 1983
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TABLE 2
CONTINENTAL INTRAPLATE SEISMIC SOURCE ZONES

NAME

-,
o

DESCRIPTION

...... An ISSZ within which there is no

known significant scismic activity.
Morecover, the region is understood
well enough geologically and
geophysically to exclude with high
confidence the possibility future
significant earthquakes.

...... A specific geologic entity (usually a

fault) that can be defined geologically
or geophysically and, on which,
earthquakes are known to have
occurred, or there is evidence of

~ prehistoric earthquakes.

........... A clearly defined tectonic feature

such as a fault zone, rift, suture,
intrusion, etc. with which seismicity
is spatially associated, but a clear
association with a specific fault or
faults is lacking.

...... A region where seismicity is

"enhanced over background" and
spatial clustering is evident, but data
are insufficient to associate the
activity with seismogenic or
seismotectonic crustal structures.

...... Geologic or geophysical data resolve a

crustal feature that elsewhere is
known to be associated with
earthquakes, but in this case no
instrumental, historical, or
paleoseismic data exist that suggest
the feature has experienced
significant seismicity.

.....A region with no known significant

seismicity or known geological/tectonic
features capabie of significant

earthquakes, but the data are too poor to
exclude their existence with confidence.




)Figure 1.

Figure 2.

Figure 3.

Figure 4.

nFigure 5.

3

Figure 6.

Figure 7.

Figure 8.

Figure 9.

FIGURE CAPTIONS

Example of a site-spe-ific seismic-hazard curve showing ground motion (acceleration)
plotted against an annual probability of exceedance. This particular curve is for a
nuclear power site in Illinois. [after Bernreuter et al., 1989]

Age subdivisions of the crust of the central United States. The ages apply to the
crystalline basement that is covered by Paleozoic strata over most of the region north
of the Ouachita system and are derived mainly from U-Pb zircon dates from drillhole
samples.

Principal tectonic features of the central United States. Rift zones and sutures are
emphasized over shallow crustal or epeirogenic features. Structures identified primar-
ily by geophysical methods (subsurface) are hatchured; those with clear geological
expression (surface) are blank.

The regional stress regime (horizontal, greatest deviatoric component) for the central
U. S. as determined by Zoback and Zoback (1989). Heavy dashed lines separate stress
provinces (named); lighter dashed-dotted lines show physiographic boundaries.

Seismicity of the central United States. The source is the EPRI catalog (1986). A
plot from the other major catalog for the central U. S. (Nuttli and Brill, 1981) would
exhibit a similar pattern but would differ considerably in detail.

Known earthquakes for the central United States of magnitude 5.0 or greater. Com-
piled from the sources listed in Table 2. Another 13 events, not shown in this figure,
would fall between magnitudes 4.7 and 5.1 in some sources but for this study were
judged to be less than 5.0 on the my or mp;, magnitude scales.

Instrumental seismicity of the New Madrid seismic zone. Data are from the Central
Mississippi Valley Earthquake Bulletin published by Saint Louis University. Magni-
tudes range from low magnitude 1 to magnitude 5.0; depths range from 23 km to
shallow (5.0 km, restricted).

The frequency-magnitude relation for the New Madrid seismic zone (modified from
Johnston and Nava, 1985). The data base combines annualized historical seismicity
(mp 3.8-6.2) from Nuttli and Brill (1981) and the instrumental seismicity of Figure 8.
Recurrence for events of magnitude exceeding m; 6.2 is extrapolated.

Seismic source zones for the central United States. The criteria for defining each zone
is indicated (see categories of Table 2). The estimated maximum earthquake and
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Figure 8. Seismic zoning map of the contiguous Jnited States

(Algermissen, 1969).
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edition of the UBC, the Algermissen map was modified to incluie a zone 4 in a |
portion of California; and in 1979 and subsequent editions additional
modifications were introduced. The introduction of the zone 4 in C.lifornia
had the effect qualitatively of taking into account the greater frequency of
earthquakes of large magnitude that are possible in California.

Interest in the probabilistic estimation of ground motion increased in
the 1960's as a result of the realization of the shortcomings of the existing
hazard maps and because of the publication of a number of papers outlining
possible probabilistic models and the application of these models to
earthquake hazard estimation (for example, Lomnitz, 1966; 1969; Cornell, 1968;
and Esteva, 1969).

A probabilistic acceleration map for the contiguous Jnited States was
published by Algermissen and Perkins in 1976 (fig. 9). The mapped quantity is
the expected maximum acceleration in rock in a 50-year period with a 10
percent chance of being exceeded. A schematic diagram showing the elements in
probabilistic hazard mapping is shown in figure 10. The concept of nazard
mapping used in the preparation of the map is that earthgiakes are randomly
distributed in magnitude, interoccurrence time, and space. The occurrence
distribution in space is uniform within source zones. Both the earthquake
magnitudes and interoccurrence times have exponential distributions.
Exponential interoccurrence times are characteristic of a Poisson process.

The exponential magnitude distribution is an assumption tased on empirical
observation. The assumption of a Poisson process for earthquakes in times is
consistent with historical earthquake occurrence insofar 3s it affects the
probabilistic hazard calculation, provided the geographical areas considered
are regional in nature. Large shocks closely approximate a Poisson process, ~
but as magnitude decreases, earthquake occurrences may desart significantly
from the Polsson model. However, ground motions associatsd with small
earthquakes are of only marginal interest in engineering zpplications ard
consequently the Poisson assumption serves as a useful and simple model.
Spatially, the seismicity is modeled by grouping it into liscrete areas termed
"seismic source zones." The two general requirements for a3 seismic source
zone are that (1) it has seismicity, and (2) it is a reascnable seismotectonic
or seismogenic structure or zone. If a seismogenic structure or zone cannot
be identified, the seismic source zone is based on historical seismicity. A
seismotectonic struecture or zone is taken to mean a speciiic geologic feature
or group of features that {s known to be associated with :the occurrence of
earthquakes. A seismogenic structure or zone is taken to mean a geologic
feature or group of features for which the style of deformation and tectonic
setting are similar and a relationship between this deforzation and historic
earthquake activity can be inferred.

The development of probabilistic ground motion maps depends on a
knowledge of the attenuation of ground motion from the seismic sources to any
site where the probabilistic ground motion is to be calculated. Because of
differences in seismic wave attenuation throughout the United States, it is
important to use appropriate attenuation curves when suitable information is
available. The accelerations mapped in figure 9 are averzge maximum
accelerations in material having a shear wave velocity of about 0.75-0.90
km/sec. Because of the dispersion in attenuation data and because local site
conditions can greatly modify levels of ground shaking, regional and national .
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(A) Typical source areas and grid of points at which the
hazard is to be computed.

(B) Statistical analysis of seismicity data and typical
attenuation curves.

(C) Cumulative conditional probability distribution of
acceleration.

(D) The extreme probability Fmax,t(a) for various
acceleration and exposure time (T).
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hazard maps of the type prepared by Algermissen and Perkins are most useful as
guides on a regional bas!s to expected ground motion and for comparison of the
seismic hazard in various areas. For specific locations of interest, local
site response and geological conditions should always be evaluated. It is
also useful to estimate the effect of parameter variability on the ground
motion mapped. A number of interesting studies of the effects of parameter
variability have been made (see, for example, Algermissen and others, 1982;

McGuire and Shedlock, 1981).

Completion of the probabilistic acceleration map of Algermissen and
Perkins (1976) coincided with the developmental phase of a project undertaken
by the Applied Technology Council (ATC) that had as its aim the development of
new nationally applicable seismic design provisions., The results of the
Applied Technology Council study were published in 1978.

The ATC report contains two ground motion maps based on effective peak
acceleration and effective peak velocity, which are used to obtain "design
ground shaking" and, in turn, to compute lateral force coefficients. For the
conterminous United States. These two maps are based on the map of estimated
acceleration in rock in a 50-year period at the 90-percent probability level
developed by Algermissen and Perkins (1976). The Algermissen-Perkins map is
also contained in the ATC report. The ATC Effective Peak Acceleration map
(fig. 11) is very similar to the Algermissen-Perkins acceleration map with the
exception that the largest values of ground acceleration shown on the ATC map
are 0.4 g in California, while the Algermissen-Perkins map has accelerations
as high as 0.8 g in California. This implies that the probability of
exceedance of 0.4 g is somewhat underestimated within the 0.4 g contours of
the ATC map. The ATC Effective Peak Velocity map was derived from the
Algermissen-Perkins acceleration map using principles ancd rules-of-thumb
outlined in the report.

In 1982, Algermissen et al (1982) published probabilistic maximum
acceleration and velocity maps of the conterminous United States for exposure
times (periods of interest) of 10, 50, and 250 years. Parameter variability
is also extensively discussed in the report accompanying the maps. The 50-
year, 10 percent chance of exceedance acceleration map of the contiguous
United States is shown in figures 12 through 17 for comparison with the 1976
Algermissen-Perkins (fig. 9). Considerable additional geological input was
available for the delineation of seismic source zones used for the 1982 maps
as compared with the source zones used for the 1976 map. This additional
input resulted from a series of workshops held by the U.S. Geological Survey
with invited regional experts from both within and outside the Survey
{(Thenhaus, 1983). Since ideas of the origins of seismicity, particularly in
the central United States, may change considerably as a result of new
research, ideas of and methods of delineating seismic¢ source zones will also
likely change in the future with a resulting change in the distributions of
estimated ground motion. Maps such as those shown in figwes 12 through 17
are important because they allow not only the estimation of ground
acceleration and velocity but also spectral shape and building response.
Figure 18 shows how a generalized type of building response spectrum can be
obtained from estimates of peak acceleration, velocity, and displacement.
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Figure 11. ATC effective acceleration map, Applied Techno.ogy Council, 1978.
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Figure 18. Schematic illustration of tecanique for

developing site-independent response spectra
(modified from Newmark and Hall, 1969). The
quantities a, v, and d refer to the pezx ground
acceleration, velocity, and displacement; PSAA,
PSRV, and RD refer to the spectral acceleration,
velocity, and displacement (from Hays, 1980).
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Figure 19 shows the seismic source zones in the midwest used in the
development of the 1982 probabilistic ground motion maps, and figure 20 shows
the seismic source zones of the New Madrid Seismic Zone and surrounding zones
with the historical seismicity superimposed (taken from figure 2).

The U.S. Geological Survey (s currently working on a new generation of
probabilistic ground-motion maps that will make use of the best, recent
regional ground-motion attenuation relationship available. 1In addition, maps
will be prepared that will make it possible to estimate not only the amplitude
of the ground motion throughout the country but also the freguency content, or
spectrum of ground motion throughout the United States.

Figure 21- shows a comparison of the expected peak accelerations at
various locations throughout the United States for various time periods of

interest. This type of presentation is a convenient way to compare the
relative earthquake hazard throughout the country. .

EARTHQUAKE RISK (LOSS) STUDIES

Introduztion

The assessment of possible earthquake losses is an important aspect of
the earthquake problem. Assessment of losses permits the efficient
organization of earthquake loss mitigation efforts. Earthquake assessments
are critical to disaster preparedness, improved selsmic provisions of building
codes, improved land-use planning, and priorities in research programs.

From the discussions in the preceding sections of this paper, it is clear
that there have been a number of moderately damaging earthquakes in the
central United States and that the area has the potential for catastrophic
losses should the earthquake series of 1811-12 or a similar sequence recur.
This leads to two measures of earthquake risk that are of particular interest.

1. Average annual loss per structure (or per area).

2. Catastrophe potential - many losses resulting from a single event (a
‘measure of variability of the risk).

The relative importance of the average annual loss as compared with the
catastrophe potential varies with the nature of the earthquake hazard. For
example, the average annual loss measured by the earthquakes that have
occurred in the past 100 years in the southeast Missouri portion of the
Mississippi Valley is small but the catastrophe potential (in the event of a
recurrence of four large earthquakes such as occurred in 1811-1812) is
great. The average annual loss in the Imperial Valley of California is
significant while the catastrophe potential is perhaps somewhat less than in
the Mississippi Valley. This is based on the fact that while numerous
damaging earthquakes (up to Mg 7.3) have occurred, no great earthquakes (M>8)
have occurred historically in the Imperial Valley.
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Figure 21. Comparison of the maximum expected ground acceleration

in 10, 50 and 250 years at a number of sites in the United
States. These data were derived from the maps in figures 12
through 14, The ground accelerations shown have a 10 percent
chance of being exceeded in the time periods shown.
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How can average annual loss and catastrophe potential be determined?
First, {t {8 necessary to identify the elements in seismic¢c risk analysis.
These elements--inventory, vulnerability, and hazard assessment are shown in
figure 22.

Inventory

The development of a suitable inventory of structures and other facilities
(such as lifelines) at risk is an essential component of any loss study and
is, in many ways, the most difficult aspect of risk assessment to resolve.
The U.S. Geological Survey in its risk studies has used some of the following
approaches: .

Dwellings: The Bureau of the Census provides adequate data for the
distribution and number of residential housing in the United States but hot
framing system and construction materials., These later characteristics must
be determined by statistical sampling.

Buildings other than dwellings: A number of techniques have been used to

develop non-dwelling inventory, such as the following:

1. Zoning and land-use classification maps.

2. Building and permits and assessor's records.

3. Commercial building surveys (such as the now obsolete Sanborn maps,
various commercial summaries of building statistics, etc.)

4. Local building departments.

5. Industry groups, regulatory agencies and owners (for lifelines).

6. Statistical sampling.

All of the above sources of inventory provide incomplz2te data that must
be supplemented by sampling. The amount and detail of the sampling possible
in any particular risk assessment depend upon the amount of resources
available for the assessment.

Vulnerability

Vulnerability is the susceptibility of a component of a structure, or
class of structures, to damage. Vulnerability is often expressed as the
percent of the total replacement cost of a structure required to repair it
when it {s subjected to some specified type and severity of earthquake
hazard. The earthquake hazard may be ground shaking, landsliding,
liquefaction, tsunami wave, etc.

Vulnerability is essentially the linkage between hazard and loss and is
obviously critical to risk assessment. Unfortunately, the data base for
vulnerability is very poor. There are a number of reasons for this state of
affairs. First, the characteristics of the building stock at risk have
changed over the years and is constantly changing as new building and other
structures are completed and older ones demolished. Thus, there is always
little damage experience for new building designs and materials. Second,
there is the problem of what actually is the loss when an older structure is
damaged or destroyed. How should it be repaired or replaced? Third, damage
information from many earthquakes is sketchy and only qualitative in nature.
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Data are rarely available in the context of the total building stock at

risk. In particular, it has been the practice in post-earthquake damage
surveys to intensively investigate a few structures of engineering interest
while subtle damage to large numbers of structures (s ignored. Only very
recently have earthquake damage surveys attempted to be quantitative in
context and statistically designed. Fourth, post-earthquake damage surveys
are expensive and time consuming if these surveys are to meet the needs of
future damage (risk) assessment. Examples of vulnerability relationships for
California are those developed by K.V. Steinbrugge for the Insurance Services
Office (ISO). These are shown in figure 23 and the building classes are
described in table 2 (Algermissen and Steinbrugge, 1984). Vulnerability
relationships have also been published by the Applied Technology Council
(1985) and a number of other groups. Note that in figure 23, per-ent damage
is shown as a function of Modified Mercalli intensity: This has been the
t~aditional way to present vulnerability information. A more direct and
satisfactory method of assessing vulnerability (and loss) would be to analyze
directly, the damage (for example, present replacement cost) by class of
construction with distance from the macroseismic center of earthquake
effects, This approach has been suggested by Steinbrugge, Algermissen, and
Lagorio (1984).

Hazard Assessment

The earthquake hazard assessment used in risk analyses may be either
deterministic or probabilistic. An example of a deterministie hazard
assessment {s shown in figure 24 (Algermissen and Hopper, 1984), which is
essentially a simulation of the earthquake ground shaking (in terms of
Modified Mercalli intensity) in the event of a recurrence of the 1811-12
sequence in the New Madrid Seismic Zone. This intensity map was derived from
the data in figure 4 (Nuttli, 1981) and from studies of the 1843 shock (Hopper
and others, 1985) at the south end of the New Madrid Seismic Zone and the 1895
shock (Hopper and Algermissen, 1980) at the north end of the zone. Convolving
this intensity data with the appropriate vulnerability relationships (for
example, figure 23) and inventory provides an assessment of catastrophe
potential in the central United States. '

Probabilistic ground motion maps as previously discussea, provide all of
the data necessary-to estimate both average annual loss and catastrophe
potential, either explicitly, as a result of the probabilistic assessment, or
implicitly, as part of the computational process. For example, the ground
motion associated with a catastrophic loss is approached wnen long exposure
times and low probabilities of exceedance are used. The probabilistic ground
motion assessment should normally be in terms of Modified Mercalli intensity
(as illustrated in figure 25) rather than ground acceleration to facilitate
the use of vulnerability relationships, such as those shown in figure 23.
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Table 2. Notation used to identify building classes
and brief description of building classes

Building Class

Brief description of building subclasses

1A

1B

2A

3A
3B
3C
3D
4A
4B

4c

4p
4E
5A
5B
5C
5D

5E

Wood frame and stuccoed frame dwellings regardless of area and height

Wood frame and stuccoed frame buildings, other than dwellings, which do
not exceed 3 stories in height and do not exceed 3,000 square feet in

ground floor area

Wood frame and stuccoed frame structures which do not exceed 3 stories
in height regardless of area -

Wood frame and stuccoed frame buildings not qualifying under class 1A

One story all metal;

All metal buildings

floor area less than 20,000 f:z

not under 2A

Steel frame, superior damage control features

Steel frame, ordinary damage control features

Steel frame, intermediate damage control features {(between 3A and 3B)

~ Steel frame, floors

Reinforced concrete,
Reinforced concrete,

Reinforced concrete,
and 4B)

Reinforced concrete,
Reinforced concrete,
Mixed construction,
Mixed construction,
Mixed construction,
Mixed construction,
Mixed construction,

Buildings specifical

and roofs not concrete .
superior damage contbol features
ordinary damage control features

intermediate damage control features (between UA

precast reinforced concrete, :ift slab
floors and roofs not concrete

small buildings and dwellings

superior damage control features
ordinary damage control features
intermediate damage control features
unreinforced masonry

ly designed to be earthquake resistant
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As an example of hazard assessment that can be used t¢ make a loss
estimate that is neither an average annual 10ss nor an estimate of catastrophe
potential, consider the hazard assessment in figure 25. Figure 25 shows, in a
general way, the expected maximum ground motion in 50 years with a 10 percent
chance of exceedance in terms of Modified Mercalli intensity. Conslidering

only losses to dwellings in areas of intensity VIII and greater and convolving

these intensity values (by county) with appropriate vulnerability
relationships (such as those shown in figure 23) and an appropriate dwelling
inventory at risk suggests a 50 year, 10 percent chance of exceedance dwelling
loss of about 8.0 billion in 1980 dollars.

SUMMARY

An attempt has been made to outline the most important seismological and
selsmotectonic elements critical to earthquake hazard assessment in the
central United States. The historical development of seismic zoning efforts
in the region has also been presented. Finally, the elements of earthquake
loss assessment are introduced together with the application of seismic risk
(1oss) techniques to the central United States.
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EMERGENCY RESPONSE PLANNING

PURPOSES

The primary purpose of this report is to assist emergency managers
and planners in the development of response plans to deal with the
consequences of major earthquakes in the central United States. This
report is not intended for any other use.

In particular, the probabilistic methods which underlie the
estimation of damage to structures and the resulting casualties, were
developed and applied to yield such estimates only for groupings or -
aggregations of structures of similar types or purpose. For the level
of analysis performed for this report, these techniques were not
intended to provide damage descriptions for individual structures. No
attempt should be made to use the findings of this report for other than

the above stated purpose.
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EXECUTIVE SUMMARY
] - General |

The Central United States Earthquake Préparedness Project
(CUSEPP) is an on-going effort to reduce the hazards associated with
earthquakes through determination of the potential consequences of
major earthquake events in the New Madrid Seismic Zone, an increase
of the awareness c¢f those consequences among public officials and the
private sector, the development of response plans for coping with
them, and the implementation of actions for reducing them. This
report, supported by estimates of ground shaking developed by the
U.S. Geological Survey, provide§ preliminary estimates of the poten-
tial consequences of two major sizes of earthquakes in six cities
witﬁin or near the seismic zone. These cities are: Little Rock,
Arkansas; Carbondale, I11inois; Evansville, Indiana; Paducah,
Kentucky; Poplar Bluff, Missouri; and Memphis, Tennessee. The cities
were chosen on the basis of several factors: 1) population size in
relation to the preliminarily identified areas of damage intensities,
2) architectural types and, 3) cooperative environment of the city to
be studied. Only those parts of the urbanized area actually within .
the designated corporate 1imits of each city were surveyed and
studied.

The earthquake effects studied are based upon the ground shaking
estimates of two sizes of events, having surface magnitudes (Ms) of
7.6 and 8.6, The reader will note that the effects on the six cities
combined are maximized since the estimate of ground shaking assumes
that the epicenter of each earthquake scenario is located as close to

each city as possible within the entire New Madrid Seismic Zone. The
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Ms=8.6 event allows assessment of the upper limits of damage and
needs. The 7.6 earthquake represents:an event with a greater
probability of occurrence, and can be viewed as more appropriate for
realistic risk assessment and subsequent emergency management
measures.

The selection of these magnitude events for CUSEPP planning is
reasonable from at least two points of view. First, such earthquakes
have actually occurred in this region; each of the "great"
earthquakes of 1811 and 1812, which are widely refererced in
earthquake literature, had surface magnitudes above 8.0 on the
Richter Scale and approximate the size of the larger (Ms=8.6)
earthquake. The 1811-1812 series also included hundreds of
aftershocks, many with magnitudes estimated to be between 6.5 and
7.6. 3econd, recent earthquake research has theorized that current
strain in the New Madrid Seismic Zone would create a Ms=7.6
earthquake if it were all released today and, furtﬁer, tth the
probability for the occurrence of such an event during the 1ife span
of existing and planned structures and the lifetime of persons now
1iving does exist.

The occurrence of either Ms=8.6 or Mss7.6 earthquakes would
result in damages, disruption, casualties, and injuries on a scale
never experienced from a natural hazard in the history of this
nation; the immediate and long term relief and recovery efforts would
place a significant, prolonged burden upon the regional and national
ecohoﬁy.

0f equal, if not greater importance is the fact that earthquakes

of lesser, yet significant, power are much more likely to occur.
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Moderate sized earthquakes are a very real hazard for the CUSEPP
planning area. The serious (though localized) damage in Coalinga,
California which resulted from the May 2, 1983 event (5.5 on the
Richter Scale), demonstrates the damage which can be caused to an
area by a moderate earthquake that does not have a high level of
seismic design in construction. Due to the different soil conditions
and overall lack of adequate seismic design in structures in the
Mississippi Valley region, a New Madrid quake could be expected to
cause much more extensive and widespread damage than resulted from an
event of similar magnitude in California. However, since expected
effects of the moderate sized event are encompassed within the
effects of the events examined here, a separate scenario for the
moderate event is not presented.

To estimate the effects of earthquakes (magnitudes 7.6 and 8.6)
in the New Madrid Seismic Zone on the six cities, the following
procedures were employed. Structural inventory and critical
facilities data were collected and supplemented in some cases by
further investigations. Estimated levels of ground shaking in the
six cities are expressed in Modified Mercalli Intensities and were
provided by the U.S. Geological Survey for both the Ms=7.6 and Ms=8.6
earthquakes. These estimates depict ground shaking intensities which
would be expected if each earthquake's epicenter were as close as
possible, along the fault zone, to each studied city. On the Modified
Mercalli Iqtensity scale, these estimates ranged between V and X. To
assess expected structural damage, a series of fragility curves,
(which describe the probability of damage states as a function of the

level of ground shaking), were developed for sixteen different types
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of structures common to the six cities. These structural types
included buildings, utility plants an& systems, dams, bridges and
storage tanks. The fragility curves were applied to the inventoried
structures, usually grouped according to a function, to determine the
expected damages at the ground shaking intensities estimated for the
structure's location. Casualty estimates were based on the expected
number of occupants of the buildings and the level of damage
estimated to occur to them. Average building occupancies were
derived from census data, employment data and inventory data.
Restorition and replacement costs were estimated for those structures
and systems for which damage estimates were made and were based on
average constructfion costs in the cities studied, and the damage
sustained. These determinations of damage, casualties and costs are
preliminary estimates derived from implementation of a preliminary
vulnerability assessment methodology and should be utilized
accordingly.

[f exposed to an occurrence of either of the postulated earth-
quakes, the six project cities would suffer varying effects. The
following sections of this summary are a discussion of the overall
effects and probable consequences for the six cities.

Il - Casualties

The number of casualties (deaths and injuries). resulting from
occurrence of either of the postulated events would depend on the
time of day at which it occurred. At night, most of the population
is found in relatively safe wood frame residential structures, but
during a typical working @ay the majority of the population moves to

buildings which are much more vulnerable to severe structural damage
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or collapse. A substantial proportion 6f the daytime casualties
would occur among school children. Total daytime deaths in the six

cities could easily exceed 4,500, as shown in the following summary:

Total Estimated Deaths
Due to Structural Fajlure

Ms=7.6 Event Ms=8.6 Event
Night Day School Deaths Night Day School Deaths
as % of as % of

Day Deaths Day Deaths
Memphis 211 2523 26 435 3786 . 27
Paducah 47 116 18 101 201 19
Carbondale 29 74 30 69 160 25
Evansville 23 227 32 58 492 32
Poplar Bluff 1 17 88 4 52 81
Little Rock 3 64 16 9 216 17

Total 314 3027 Z6(avg.) 8786 d307 27(avg.)

II1 - Medical Services

Medical services in the six cities would be severely burdened to
provide adequate care for all injured persons requiring medical
attention, except perhaps in Little Rock. OQutside assistance may be
a viable consideration for planners to alleviate this situation.
Health care professionals would encounter difficulty reaching their
places of work, and a few (less than two percent) wouid be among the
dead and injured. The normal a?ailability of beds and medical
supplies would be reduced because of severely damaged or collapsed
hospital structures. Memphis would be the most severely affected as

seen in the following table.
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Hospital Beds Estimated

Hospital to be Avajlable

Structures Ms=/.6 Event Ms=8.6 Event
City Surveyed Number % of jotal Number &% of Jotal
Memphis 25 3230 52 2290 37
Paducah 7 720 89 600 74
Evansville 20 2020 90 1620 72
Poplar
Bluff 7 690 90 590 77
Carbondale 6 190 95 160 79
Little Rock 13 3760 100 3720 99

Total 78 10,610 86 (Avg) 8980 73 (Avg)

Most of the citfes would not have sufficient surviving beds to
accommodate the number of major injuries estimated in this report in
addition to their normal load of patients. Other services would be
similarly affected. The number of seriously injured persons
requiring prompt medical attention would be about four times the
number of deaths in each city. Additional casualties could also
result from fires and flooding. |

IV - Transportation Systems

Damage to transportation systems would seriously hamper rescue
and relief efforts and would have an extensive adverse effect upon
regional and national commerce.

Highway access to Memphis as well as major highway availability
within the city would be severely limited for both seismic events.
With the Ms=7.6 event, the most probable surviving access route would
be U.S. 72 from the east; bridge collapses would eijther cut or block
most, but probably not all, of the eight other principal arteries
into the city. Poplar Bluff would be vulnerable to loss of highway
access from the east. Pa@ucah's highways would suffer some damage,
but no serious loss of accessibility would resulé. Little loss of

highway accessibility would occur in Carbondale and Evansville, and

D8



almost no serious highway damage would take place in Little Rock.

Damage to railway networks would follow a pattern similar to the
highway damages. Little Rock would probably suffer no loss in rail
accessibility; Evansville would experience little or none.
Carbondale could suffer impaired accessibility from the west, while
Paducah {s most vulnerable toArail losses to the north (crossing the
Ohio River) and from the east. The cities likely to suffer greatest
disruption are Poplar Bluff and Memphis. Rail access from all
directions into Poplar Bluff would be at risk of serious impairment,
though not to the extent expected in Memphis, where over 75% of all
system sections have relatively'1ow survival probabilities.

These assessments are based on the likelihood of collapse of
highway and railway structures. Some of the rail and highway
structures which did not collapse would suffer severe damage that -
would restrict or prevent their use by heavy vehicles.

For both earthquakes, railway traffic would be stopped for as
long as required to inspect all structures in each line segment,
possibily 24 to 48 hours. For that reason, the most immediate
transportation needs into and out of the six cities would have to be
met via highway and air transport, and possibly by river access,
although port facilities are likely to be seriously damaged.

River ports are expected to be extensively disrupted, with the
minimum disruption occurring in Little Rock. The cities of
Carbondale and Poplar Bluff do not possess river port facilities and
thus would not be directly affected. Memphis, Evansville and Paducah
are expected to sustain substantial damage to their river ports

facilities.
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Partial or limited availability of major airport facilities is
expected following either earthquaké. Those facilities at airports
which rely on electrical power, e.g., navigation aids and runway
lighting, may be out of commission for a period of time, even if
emergency power {s available. Runways may be available, at least for
limited use, even in cities closest to the fault zone. Ruﬁways may
sustain certain kinds of damage but still have enough useable length
to allow landings and takeoffs of aircraft bearing vital supplies.
The loss of navigation and landing aids can be significant,
especially during winter when weather conditions are frequently
marginal or below landing minimums.

V - Utility Systems

The six citfes studied, for both earthquake events, are expected
| to experience sefio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>